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The rfb region specifies the structure of lipopolysaccharide side chains that comprise the diverse gram-
negative bacterial somatic (O) antigens. The rfb locus is adjacent to gnd, which is a polymorphic gene encoding
6-phosphogluconate dehydrogenase. To determine if rfb and gnd cotransfer, we sequenced gnd in five O55 and
13 O157 strains of Escherichia coli. E. coli O157:H7 has a gnd allele (allele 4) that is only 82% identical to the
gnd allele (allele D) of closely related E. coli O55:H7. In contrast, gnd alleles of E. coli O55 in distant lineages
are >99.9% identical to gnd allele D. Though gnd alleles B and C in E. coli O157 that are distantly related to
E. coli O157:H7 are more similar to allele 4 than to allele D, there are nucleotide differences at 4 to 6% of their
sites. Alleles B and C can be found in E. coli O157 in different lineages, but we have found allele 4 only in E.
coli 0157 belonging to the DECS5 lineage. DNA 3’ to the O55 gnd allele in diverse E. coli lineages has sequences
homologous to tnpA of the Salmonella enterica serovar Typhimurium IS200 element, E. coli Rhs elements
(including an H-rpt gene), and portions of the O111 and O157 rfb regions. We conclude that rfb and gnd
cotransferred into E. coli O55 and 0157 in widely separated lineages and that recombination was responsible

for recent antigenic shifts in the emergence of pathogenic E. coli O55 and 0157.

The integration of foreign DNA into bacterial chromosomes
has played an important role in the evolution of genomes and
in the emergence of new pathogens (18, 22). These acquired
segments confer upon the recipient cell the ability to express
new phenotypes. For example, proteins of type III secretion
systems that are encoded by genes in pathogenicity islands
enable bacteria to export molecules that injure host epithelial
cells (15), and O side chains (also termed somatic antigens) of
bacterial lipopolysaccharide (LPS) that are specified by the rfb
region are immunodominant surface molecules.

The rfb region is a complex locus; segment acquisition and
recombination have played a major role in its evolution. This
cluster, which typically varies in length between 8 and 14 kilo-
base pairs (kbp) and contains 8 to 14 genes, encodes the en-
zymes necessary for the synthesis of the O side chains that
confer serogroup specificity. Many different O types of Esche-
richia coli and Salmonella enterica are associated with human
disease, and the O side chain often induces bactericidal hu-
moral immunity in infected hosts (13, 30, 31, 43). This LPS
variability suggests that somatic antigens are under strong di-
versifying selection pressure to evade the host immune re-
sponse.

Several lines of evidence indicate that somatic antigenic
variation in E. coli and S. enterica is generated to a large extent
by horizontal transfer and recombination of part or all of the
rfb region (27, 30, 31). Closely related strains of E. coli can
have different 7fb genes encoding different O antigens (24).
Conversely, distantly related organisms can have identical 7fb
genes that express the same O antigens (4, 35, 42, 46). Also, rfb
genes usually have a low GC content compared to the total
genomic DNA (30). This low GC content suggests that this
DNA originated in a species other than E. coli.
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How do recombination and diversifying selection at the rfb
locus affect nearby genes? It has been suggested that the close
proximity of the gnd locus to the rfb cluster underlies the
extensive allelic diversity of 6-phosphogluconate dehydroge-
nase (6-PGD), the metabolic enzyme of the pentose phosphate
shunt encoded by gnd. This concept teaches that new alleles of
gnd, created either by point mutation or intragenic recombi-
nation, “hitchhike” to high frequency by diversifying selection
favoring antigen variation at the adjacent rfb locus (27). In
addition, local recombination events involving the rfb region
and extending though the gnd locus could result in specific
combinations of gnd alleles and rfb genes being cotransferred
in nature.

E. coli O157:H7, a virulent food- and waterborne pathogen
(39), and E. coli O55:H7, an enteropathogenic E. coli strain,
are closely related members of the DECS lineage of diarrhea-
genic E. coli (44). Clonal analysis derived from multilocus
enzyme electrophoresis (MLEE) suggests that E. coli O157:H7
evolved from a progenitor strain with serotype O55:H7 (11,
44). Furthermore, the nearly identical sequences of the H7
flagellin gene (32) and eae alleles (26) demonstrate the close
relationship between E. coli O157:H7 and E. coli O55:H7.
During the evolutionary descent of E. coli O157:H7 from its
progenitor, an ancestral E. coli strain acquired an rfb region
that specifies the O157 antigen (11), thereby replacing the O55
(23) with an O157 (29) LPS side chain. Also, as part of this
evolution, E. coli O157:H7 acquired a different gnd allele, as
evidenced by differences in the 6-PGD electromorph (44).
These findings suggest that all or part of the gnd locus, in
addition to rfb, was involved in this antigenic shift of the O side
chain. Indeed, fewer than 200 bp separate gnd from the closest
O157 rfb gene (35, 42), so cotransfer of these alleles within this
lineage is quite plausible.

The purpose of the present study was to characterize gnd
alleles in E. coli with specific LPS antigens in a variety of
lineages, in order to gather sequence data in support of co-
transfer as the mechanism of mobility of the rfb-gnd region. We
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TABLE 1. Wild-type E. coli strains used
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Serot .
Lineage Strain —ype Source (reference or provider) ECOI} gnd GenBank no
0 H group allele gnd 1fbE
H7 (DECS) 86-24 157 7 Washington State (40) E A AF176356 AF163327
85-07 157 7 Washington State (40) E A AF176359 AF163328
87-16 157 7 Washington State (40) E A AF176360 AF163329
H8 157 7 Colombia (S. Mattar via. S. Samadpour) E A AF176357
ADAL233 157 7 Australia Government Analytical E A AF176358
Laboratories (via S. Samadpour)
2755 157 - Germany (L. Beutin) E A AF176361 AF163330
TB156A 55 7 Washington State (6) E
TB182A 55 7 Washington State (6) E D AF176369
DEC 5A-E 55 7 Pennsylvania State University (47) E
Non-H7 3004-89 157 3 Centers for Disease Control (N. Stockbine) A B AF176362 AF163326
G5933 157 12 Centers for Disease Control (T. Barrett) A B AF176363 AF163331
13A81 157 16 Food and Drug Administration (S. Weagant) A C AF176364 AF163332
3584-91 157 —>  Centers for Disease Control (N. Stockbine) D C AF176365 AF163333
3005-89 157 38 Centers for Disease Control (N. Stockbine) A B AF176366 AF163334
DEC 7E 157 —>  Pennsylvania State University (47) B1 B AF176367 AF163335
3260-92 157 16 Centers for Disease Control (N. Stockbine) A B AF176368 AF163336
DEC 1A 55 6 Pennsylvania State University (47) — D AF176370
DEC 1B 55 6 Pennsylvania State University (47) — D AF176371
DEC 2A 55 6 Pennsylvania State University (47) — D AF176372
DEC 2B 55 6 Pennsylvania State University (47) — D AF176373

“ECOR group to which these strains belong by MLEE analysis. DEC1 and DEC2 E. coli O55:H6 strains do not fall within ECOR groups using MLEE analysis.
> Nonmotile strains 3584-91 and DEC 7E have MLEE patterns identical to those of E. coli O157:H45 and O157:H43, respectively.

also interrogated the region 3’ to gnd in selected E. coli in an
attempt to determine the possible site and mechanism(s) of
recombination. To accomplish these goals, we cloned and se-
quenced the gnd locus and neighboring DNA in a diverse
collection of O55 and O157 strains, including E. coli within the
DECS lineage, as well as in isolates with completely different
chromosomal backgrounds.

MATERIALS AND METHODS

Wild-type bacteria. Table 1 lists the wild-type bacteria from which gnd alleles
were sequenced and the strains that were probed.

PCR. Primers were purchased from Gibco-BRL (Gaithersburg, Md.). Primers
A (5'"CACGGATCCGATCACACCTGACAGGAGTA3') and B (5'CCGGAA
TTCCGGGCAAAAAAAAGCCCGGTGCAA3'), with BamHI and EcoRI
sites, respectively, were derived from published sequences (5) and amplify O157
gnd alleles. Primers C (5'CGGAATTCCGCGCTCAACATCGANAGCCGTG
G3') and D (5'CGGAATTCCGCCTGGATCAGGTTAGCCGG3'), with 5’
EcoRlI sites, were chosen from consensus database gnd sequences to amplify a
1.3-kb fragment within the O55 gnd allele. Primer pairs E (5'"CGGGGTACCC
CGTAAGGGACCAGTTTCTTACCTGGG3') (with a 5’ engineered Kpnl site)-F
(5'GCCCTATCTAGATAAAGG3'), G (S’ AGTTAAAGCCTTCCGCGG3')-H
(5'TGCCCGCTACATCTCCTC3'), and I (5'GTTGTACTCTTCAGACGC3')-J
(S'TCGTCGCTTATGCGGTACAGAGCG3') were selected from sites within
the O55:H7 and O157:H7 gnd alleles to amplify circularized chromosomal DNA
fragments spanning the 5" and 3’ ends of the O55:H7 gnd and the 3’ end of the
O157:H7 gnd, respectively (inverse PCR). Primers K (5'CCATCAGTAATAAT
GAAAAGGAAT3') and L (5’ATCATTAGCTCCTCTTAAGATCGC3'), de-
rived from the sequence of the products of inverse PCR with primer pairs E-F
and G-H, respectively, produce panallelic amplifications of O55 gnd alleles.
Primer pairs J-M (5'GCGTTCTTAAAGAGTCCTGC3') and N (5'TGCCCGC
TACATCTCCTC3')-M amplify DNA spanning the 3" ends of the O157:H7 and
each of the O55 gnd alleles, respectively. Primers O (5’AAGATTGCGCTGAA
GCCTTTG3') and P (5'CATTGGCATCGTGTGGACAG3') amplify sequences
within 7fbEg.o157.17 (8) (also termed per [42]), which encodes RfbEg o 57.117,
which is a putative perosamine synthetase (4).

055:H7 DNA was amplified with primers C and D using standard PCR
conditions, Tag DNA polymerase, and a PTC-100 programmable thermal cycler
(MJ Research, Watertown, Mass.). All other amplifications were performed
using this cycler and the Expand long-template PCR system (Boehringer Mann-
heim, Indianapolis, Ind.), with supplied polymerases and BMBI buffer, accord-
ing to the manufacturer’s instructions. For inverse PCR, O157:H7 and O55:H7
DNA were digested with Bg/II or Sacll, respectively. Ligase was added to cir-
cularize the resulting fragments, and amplifications were performed with primer

pair E-F, G-H, or I-J as described above. Ligases and restriction enzymes were
purchased from Gibco-BRL, Boehringer Mannheim, New England Biolabs
(Beverly, Mass.), or Promega (Madison, Wis.).

Cloning and sequencing. Amplicons generated by primer pairs A-B or C-D
were digested with BamHI and EcoRI or with EcoRlI, respectively, and cloned
into pSK+. All other cloning used the pGem-T Easy Vector (Promega). Inserts
were sequenced in both directions with the Dye Terminator Cycle Sequencing or
BigDye Terminator Cycle Sequencing Ready Reaction kits (Applied Biosystems,
Foster City, Calif.) and an ABI 373 or 377 sequencer (Applied Biosystems). The
entire length (1,407 bp) of gnd was sequenced in both directions in each strain in
which this allele was cloned. In addition, the region 3’ to gnd was sequenced in
E. coli O157:H7 strain 86-24 and E. coli O55:H7 strain TB182A. Sequences were
aligned with the Genetics Computer Group program (University of Wisconsin).
Searches were performed with a National Center for Biotechnology Information
BLAST server (12).

MLEE and allelic relatedness. Genetic distances and phylogenetic relation-
ships between the clonal frames (chromosomal backgrounds) of strains were
inferred by analyzing allelic variation at 20 or 38 enzyme loci, determined by
MLEE (33). A neighbor-joining tree was used to infer allelic phylogeny. In the
distance measures parameter model, distances on branches are expressed as the
number of synonymous substitutions per 100 synonymous sites. Calculations
were performed on MEGA (21).

Allelic breakpoints. Intra-gnd regions of high and low homology and break-
points between similar and dissimilar regions (i.e., putative recombination sites)
were identified by a maximum chi-square method (36). This technique catego-
rizes nucleotides surrounding each nucleotide in the gnd alleles as different or
identical and calculates a 2 X 2 (identical versus different, left versus right)
chi-square value for each position. Each sequence was compared to a reference
sequence, and the point, ky 5%, at which the chi-square statistic was maximum
was determined. The sequence was then divided into two segments determined
by the kyax point, and a new maximum was found within each segment. This
cycle was repeated four times so that 16 maxima were found. The significance of
the kyax values for the nested segments was tested by a Monte Carlo procedure,
in which sites were placed randomly along the sequence 1,000 times and the null
distribution of ky;sx Was tabulated. ky;5x values exceeding values in the 5% tail
of the null distribution were considered significant.

Southern hybridization. Genomic DNA from E. coli HB101, E. coli O157:H7
strain 86-24, and each of the E. coli O55 strains in Table 1 was digested with
EcoRV, separated in 1% agarose in 0.5X Tris-borate-EDTA (25), stained with
ethidium bromide, photographed, denatured, and transferred to a nylon mem-
brane (Micron Separations, Westboro, Mass.). Amplicons generated from the
DNA of these E. coli O55 strains with primers M and N were digested with Sacl
and also analyzed by Southern hybridization. The immobilized DNA was probed
with the cloned amplicon generated by primers M and N from O55:H7 DNA and
labeled with the Megaprime DNA system (Amersham, Arlington Heights, Ill.)
and [—a’?P]dATP (New England Nuclear Research Products, Boston, Mass.).
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FIG. 1. Relationship between E. coli O55 and O157 gnd alleles. Horizontal bars represent gnd alleles. DECS lineage gnd alleles are highlighted in gray. Vertical
lines within these bars denote polymorphisms compared to a consensus gnd sequence. The strains of origin of these alleles are noted to the right of each gnd. The
evolutionary relationships inferred from gnd structure are represented by the dendrogram, which is derived from the percent nucleotide differences between gnd alleles.
Phylogeny cannot be inferred because it is probable that the allelic structures resulted from recombination and not from point mutations.

RESULTS

Sequence analysis demonstrates that three alleles of gnd can
be found in E. coli O157 strains belonging to diverse lineages.
These alleles are unrelated to the gnd allele of E. coli O55:H7.
The OS5 gnd allele is conserved in OS5 strains in diverse
lineages, as is a region 3’ to gnd in OS5 strains. These findings
are discussed below.

E. coli O157:H7 gnd allele is conserved in all DECS5 E. coli
0157 strains studied. The 1,407 bp of the gnd locus in five E.
coli O157:H7 strains and in a sorbitol-fermenting, Shiga toxin-
producing E. coli O157:H— strain, each of which belongs to the
DECS lineage, are nearly identical (Fig. 1 and Table 1).
Among the six strains sequenced, which had been isolated
from patients on four continents during two different decades,
we could identify only two polymorphic sites in each of two E.
coli strains. These two strains were isolated from Washington
State patients in the 1980s.

Sequence variation among 0157 strains. Comparison of the
1,407 bp of the gnd locus of 13 O157 strains belonging to and
outside the DECS lineage demonstrates 100 polymorphic nu-

cleotide sites. A phylogenetic tree of the gnd sequences shows
three branches or alleles, designated gnd alleles A, B, and C,
defined for the purposes of this study as gnd genes composed
of closely related sequences that differ at four or fewer nucle-
otide sites (Fig. 1 and Table 1). It is obvious that there are no
regions in which polymorphisms are conserved between alleles
A, B, and C (Fig. 1).

The gnd A allele is found only in DECS lineage O157 strains
in this study, including strain E3406, an E. coli O157:H7 strain
from the Pennsylvania State University E. coli collection (45).
Allele A differs from alleles B and C at 4 and 6% of sites,
respectively. The gnd B allele is found in a more diverse set of
0157 strains, including those with H3, H12, H16, or H38 an-
tigens. gnd allele B is also identified in strain 7E, a nonmotile
E. coli O157 strain that has the same MLEE genotype as E. coli
O157:H43 strains. Strain E8519 (also termed strain 851819),
an E. coli O157:H— strain with an MLEE pattern resembling
that of E. coli O157:H43 (46), also possesses gnd allele B. The
gnd C allele is found in an O157:H16 strain and in nonmotile
0157 strain 3584-91, which matches an E. coli O157:H45 strain
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FIG. 2. Relationship of E. coli O55 and O157 strains to ECOR strains.
Dendrogram demonstrates the clonal relationships of the ECOR collection
(from Herzer et al. [16], with additions) and the strains examined in this paper.
Study strains are connected to the closest ECOR relative based on MLEE.
DECI and -2 strains (serotype O55:H6) fall outside the ECOR tree. Solid lines
are based on analysis of 38 enzyme loci. Dashed lines are based on the analysis
of 20 enzyme loci.

in MLEE genotype analysis. E. coli strains in this study with
gnd alleles B and C can be assigned to ECOR groups A and B1
and to groups A and D, respectively (Fig. 2), by clonal phylo-
genetic analysis (16, 45). The finding of gnd alleles B and C in
E. coli O157 strains that belong to different lineages therefore
supports the concept of cotransfer of gnd and rfb.

Divergence at synonymous sites (d,) in gnd alleles (i.e., sites
at which base pair changes do not affect the amino acid se-
quence of 6-PGD) suggests that the gnd A alleles are the most
similar to one another (Table 2). Alleles B and C have approx-
imately triple the variability of allele 4. In contrast, the vari-
ability between alleles, as measured by d, is over 30 times
greater than the variability within alleles.

J. BACTERIOL.

Comparison of gnd alleles in O157:H7 and O55:H7 strains.
The background genotypes of O55:H7 and O157:H7 strains in
the DECS lineages are closely related. However, gnd allele A
and the O55:H7 gnd allele (allele D) are only 82% identical.
Visual inspection demonstrates no region of conservation of
polymorphisms between these two alleles (Fig. 1, shaded area).
In fact the d, (130.5) exceeds the average divergence of ho-
mologous housekeeping genes of E. coli and S. enterica (34)
(Table 2). Therefore, in the evolutionary separation of E. coli
O157:H7 from E. coli O55:H7, all of gnd was exchanged, pos-
sibly via cotransfer with the adjacent rfb cluster.

Conservation of gnd allele D in diverse lineages. E. coli O55
strains belonging to the DEC1 and DEC2 clonal groups pos-
sess gnd allele D, as found in DECS E. coli O55:H7 (Fig. 1).
This conservation contrasts with the wide separation among
the DEC1, -2, and -5 groups (Fig. 2). These data strongly
suggest the cotransfer of gnd and the adjacent O55 rfb region.

Comparison of gnd alleles A, B, C, and D to gnd alleles from
non-0157 and non-O55 strains. We attempted to determine if
part or all of gnd alleles 4, B, C, and D was identical to gnd
alleles in E. coli that express antigens other than OS55 and
0157. To do this, we compared alleles A, B, C, and D to 38 gnd
sequences in public and internal databases, including those of
35 ECOR strains. Of the 1,407 nucleotides in gnd, 1,335 were
analyzed. Alleles A, B, and C are most closely related to gnd
alleles from ECOR strains 58 (serogroup O112), 29 (serogroup
0150), and 32 (serogroup O7), respectively. There are differ-
ences at 33 (2.5%), 39 (2.9%), and 53 (4.0%) of the sites in
these respective pairs. Each of the strains in which the related
gnd alleles are found belongs to ECOR group B1. In contrast,
gnd allele D is in a distinct branch of the phylogenetic tree and
has only a distant relationship to the gnd allele of ECOR 4.

Evidence for intragenic recombination of alleles 4 and C.
We next assessed the extent to which intragenic recombination
contributed to the generation of allelic variation in gnd. To do
this, we compared gnd alleles A, B, C, and D to the closest
related gnd sequences in the ECOR database by the maximum
chi-square method (Fig. 3). The comparison of gnd allele 4 to
the ECOR 58 gnd indicates a mosaic structure, with break-
points separating a central region of slight divergence from
regions with more extensive divergence towards the ends of the
gene. The comparison of the gnd allele B to ECOR 29 gnd
identifies a single breakpoint at position 230 that separates
segments of identical sequence from the remainder of the
gene, the sequence of which is 3.5% divergent. Therefore,
intragenic recombination has occurred in the evolutionary his-
tory of gnd alleles A and B. However, gnd allele C demon-
strates no significant intragenic heterogeneity in its level of
divergence from ECOR 32 gnd.

rfbE . 0157.17 Sequences are conserved. We assessed the ex-
tent of conservation of a central portion of the 7fb region of E.
coli O157:H7 to determine if any polymorphisms that might be
found could shed light on the origin or mobility of this cluster.
To do this, we sequenced the 456 nucleotides between primers
O and P in 11 O157 strains. This segment was identical in the
four DECS E. coli O157 strains tested and in E. coli O157:H3
strain 3004-89, H12 strain G5933, and H16 strain 3260-92. E.
coli O157:H— strain DEC 7E has an A—>Gygs; substitution
(nucleotide positions correspond to sites in GenBank submis-
sion AFO61251 [42]). An A between positions 6550 and 6557
of E. coli O157:H38 strain 3005-89 is deleted, resulting in a
frameshift and a deduced gene product that is truncated com-
pared to RfbE; o57.117- E. coli O157:H16 strain 13A81 and E.
coli O157:H— strain 3584-91, the only two strains in this study
that possess gnd allele C, each has G—Cgs,, and T—Cgs3,
substitutions.
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TABLE 2. Nucleotide divergence between gnd sequences at synonymous and nonsynonymous sites”

Comparison (1)

Divergence

Synonymous sites Nonsynonymous sites

(ds X 100) (dx X 100)
0157 gnd allele A (7) 0.09 = 0.09 0.09 = 0.05
0157 gnd allele B (6) 0.26 = 0.19 0.10 = 0.06
0157 gnd allele C (2) 0.29 = 0.29 0.19 = 0.13
055 gnd allele D (5) 0.12 = 0.12 0.04 = 0.04
0157 gnd alleles A, B, C (15) 11.77 = 1.35 0.28 = 0.09
0157 gnd allele A vs. ECOR 58 (2) 9.52 = 1.77 0.30 = 0.17
0157 gnd allele B vs. ECOR 29 (2) 12.25 +2.03 0.30 = 0.17
0157 gnd allele C vs. ECOR 32 (2) 15.47 =232 0.60 = 0.25
0157:H7 gnd allele D vs. O55:H7 allele D (2) 130.52 = 14.90 3.73 = 0.60

“ The degree of divergence at silent sites within each allele group is approximately one-tenth that of the difference between that allele group and the closest gnd allele
in the ECOR collection. The divergence between gnd alleles of E. coli O157:H7 and E. coli O55:H7 is over 1,400 times greater than the divergence between gnd A4 alleles.

Sequence of the region 3’ of gnd in E. coli O55:H7. Southern
hybridization analysis of and restriction mapping of amplicons
derived from O157:H7 and O55:H7 DNA suggest that the
chromosome 3’ to gnd in these strains has unique as well as
conserved regions (data not shown). Therefore, we analyzed
the sequence downstream of gnd to attempt to find candidate
sites of insertion of the rfb-gnd cluster into the O55:H7 and
O157:H7 chromosomes.

Figure 4 depicts elements of interest in the region 3’ to gnd
in O55:H7 and O157:H7 DNA. Region I in each strain has
96% nucleotide identity and contains open reading frames
(ORFs) that presumably encode UDP glucose-6-dehydroge-
nase (encoded by ugd) and an O antigen chain length-deter-
mining protein (encoded by wzz). The 3,915 and the 51 nucle-
otides 3’ to gnd in the O55:H7 and the O157:H7 strains,
respectively, have no homology. These 3,915 O55:H7 nucleo-
tides comprise region II in Fig. 4.

Region II has multiple components pertinent to genomic
mobility. A segment of 1,129 nucleotides near its left border
has extensive (96%) identity to DNA encoding an E. coli Rhs
element (GenBank number 1.02370). This O55:H7 Rhs-like
element includes an ORF that encodes a protein of 201 amino
acids, 192 (96%) of which can be matched identically to amino
acids encoded by ORF-H of RAsB, which encodes an H-rpt
protein (49). This protein is depicted in Fig. 4 above its cor-
responding ORF. Eleven nucleotides (AGCTTGCCCTG) be-
tween positions +3799 and +3809, inclusive, and the nearly
identical inversion (CAGGGAAGAT) of this 11-mer between

4.03 . 0.62 7.30 0
0157 gnd A vs ECORS8 [ TTIITICIO T 1 1 I
0 l 471 3.53 1115 1251
0157gnd B vs ECOR29 [ III N O O T 11
0 3.97
0157 gnd C vs ECOR 32 [T TN T T T T TTi]

FIG. 3. Mosaic structure of O157 gnd alleles. gnd alleles A, B, and C are
compared to gnd alleles with the highest degree of structural similarity. Vertical
lines denote sites differing from those in E. coli K-12. Significant ky;,x points are
marked with tall vertical lines, with corresponding numbers denoting the nucle-
otide positions. The chi-square values are kyox 471 = 13.61, P < 0.009; kyjax
1115 = 10.91, P < 0.015; kpgax 1251 = 9.35, P < 0.026; kyax 230 = 14.61, P <
0.005. The percent differences (in base pairs) between the sequences for each
segment are noted in italics above the allele. For example, O157 gnd allele A and
ECOR 58 are 4.0% different in segment 1 to 471 and 0.62% different in segment
471 to 1115. No mosaic structure is evident when O157 gnd allele C and ECOR
32 are compared.

positions +2655 and +2665 resemble inverted repeats flanking
the H-rpt gene in other strains (49).

A segment of 7 region I and 107 region II nucleotides that
straddle the O55 region I-II border has 92% identity to nucle-
otides at the 3’ end of tnpA of S. enterica serovar Typhimurium
LT2 (Fig. 4 and 5). tnpA encodes 1S200 transposase A (Gen-
Bank number AF093749).

Two contiguous region II ORFs have 75% identity to wbdJ
and wbdK of the E. coli O111 rfb cluster. The deduced amino
acid structures of the proteins that are encoded by these two
genes are 67 and 80% identical to WbdJ and WbdK, respec-
tively (2). Amino acid homologies at the peripheries of these
OREFs exceed the corresponding nucleic acid homology (Fig.
4). Additionally, three segments within the O55 Rhs-like ele-
ment have similarities (83 to 96% identity) to noncoding re-
gions of the O157:H7 rfb cluster (35, 42).

Region 3’ to gnd is conserved in E. coli O55 belonging to
diverse lineages. We attempted to determine if region II is
conserved in 11 OS5 strains belonging to the widely separated
DEC lineages 1, 2, and 5. Primers M and N elicit 6.5-kb
amplicons from the DNA of each of the 11 E. coli O55 strains
listed in Table 1 but not from O157:H7 DNA (data not shown).
These amplicons each contain a Sacl site that corresponds in
location to a Sacl site in region II and hybridize to a probe
consisting of the cloned amplicon generated by this primer pair
(data not shown). This probe also detects in Southern hybrid-
izations 2.0- and 2.8-kb EcoRV DNA fragments in each of
these strains (Fig. 6A), which correspond to the DNA between
the arrows in Fig. 4. These amplifications and hybridizations
suggest cotransfer of the region 3’ to gnd, in addition to gnd
and rfb, in OS55 strains.

The 3.9- and 5.0-kb O157:H7 fragments detected by the
probe generated by primers M and N (indicated by arrows in
Fig. 6B) can be attributed to homology between known se-
quences in region I and the O157 rfb-like sequences that are in
the probe fragment. The nature of the additionally detected
fragments is not known but could signify IS200-tnpA-homolo-
gous elements in these isolates.

DISCUSSION

Our data shed light on the mechanisms of mobility of the rfb
cluster of the E. coli chromosome and of the adjacent gnd
allele. Specifically, the presence of identical gnd alleles in dis-
tantly separated lineages of E. coli O55 and of E. coli O157
provides evidence that strongly suggests the recent cotransfer
of gnd and the adjacent O55 and O157 rfb clusters between
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FIG. 4. DNA surrounding gnd alleles of E. coli O55:H7 and E. coli O157:H7. DNA surrounding the O55:H7 and O157:H7 gnd alleles is depicted. Vertical numbers
preceded by + represent distances in nucleotides from the 3" end of gnd. Region I is 96% identical between the two strains. Region II includes segments homologous
to tnpA of S. enterica serovar Typhimurium, an Rhs-like element including an H-rpt gene and flanking 11-mer inverted repeats, noncoding O157 rfb sequences, and O111
wbdJ and wbdK. Homologous proteins are noted directly above corresponding ORFs; the H-rpt corresponds to the ORF designated Arfig.oss.117- Arrows represent the
lateral borders of the 2.0- and 2.8-kb EcoRV fragments conserved among all E. coli O55 strains tested, as demonstrated in Fig. 6A. Asterisks represent locations of

the 11-mer inverted repeats at the periphery of the Rhs-like element.

unrelated E. coli strains in nature. Identical single-nucleotide
polymorphisms in 1fDE g 157.47 I E. coli O157 possessing gnd
allele C in unrelated ECOR groups (46) lend additional cre-
dence to the theory that cotransfer is the mechanism of recent
interbacterial movement of this region of the E. coli chromo-
some. However, we cannot exclude the possibility that recom-
bination within gnd has occurred in some of the O157 strains
studied or in a progenitor cell of these strains. Also, with

respect to the gnd alleles described, we cannot assign donor or
recipient status to any of the organisms in this study, as dis-
cussed below.

The panallelic discordance between the O55:H7 and the
O157:H7 gnd alleles is consistent with cotransfer of gnd and rfb
within the DECS lineage. However, because we have not found
0157 gnd allele A in E. coli 0157 outside the DECS lineage, we
cannot state with certainty that this specific gnd allele and the

w o o

-+ v R

a Region I a Regi 8

it egion i egion I1 o

| TAAATCAAATATTCTATTAACCGT TTATTTATAGGAGGTGGTATCGGCCTCCAAAAAGTT | E. coli OS5:HT
TTTATTTATAGGAGGCC GTATCCGCCTCCAAAAAGTC  tnpA

| TAAATCAGATATTCTATTAACCGT TTTT'd

| oy
-} wn
+ +

E. coli O157:H7

FIG. 5. Sequence at border between regions I and II in E. coli O55:H7 and E. coli O157:H7. Common and unique regions of the O55 and O157 chromosome 3’
to gnd are provided, with homology to mnpA indicated. Vertical numbers preceded by + represent distance in nucleotides from the 3’ end of gnd in the respective strains.
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FIG. 6. Conservation of the region 3’ to gnd in E. coli O55 strains in diverse
lineages. EcoRV-digested bacterial DNA was electrophoresed and probed in
Southern blots. The probe consists of the 3’ end of the O55:H7 gnd and regions
I and II in Fig. 4. (A) DNA from E. coli HB101 (lane 1), DEC lineage 5 E. coli
055 H7 strains TB182A, TB156A, DEC 5A, 5B, 5C, 5D, and 5E (lanes 2 to 8,
respectively), DEC lineage 1 E. coli O55:H6 strains 1A and 1B (lanes 9 and 10,
respectively), and DEC lineage 2 E. coli O55:H6 strains 2A and 2B (lanes 11 and
12, respectively). Arrows indicate conserved EcoRV fragments corresponding to
region IT DNA between the arrows in Fig. 4. (B) DNA from E. coli O157:H7
(lane 1) and E. coli O55:H7 (lane 2). Arrows indicate O157:H7 fragments with
predicted homology to the probe.

adjacent O157 rfb region cotransferred into this or any other
lineage. For example, intra-gnd recombination might well have
occurred in a hypothetical ancestor to E. coli O157:H7 in its
descent from E. coli O55:H7, resulting in gnd A.

It is important to note that despite the evidence we provide
for cotransfer of gnd and rfb in the strains studied, it is appar-
ent that intragenic recombination has also contributed to al-
lelic variation. This finding is consistent with data from other
E. coli and Salmonella strains (5, 10, 27). In particular, the
corresponding breakpoints in the O157 gnd A and B alleles and
the gnd alleles of E. coli O119 (ECOR 58) and E. coli O150
(ECOR 29), respectively, indicate that these genes are derived
from recombination events of segments with different histories.
However, it is not possible to infer the sequence of occurrence
of this intragenic recombination when comparing two alleles
with obviously common segments.

The association between the O157 rfb cluster and a limited
number of gnd alleles might reflect the recent formation of this
rfb cluster, such that the gnd alleles to which it is linked have
not yet undergone extensive recombination. It is also possible
that there is a selective advantage for E. coli O157 to carry gnd
alleles A, B, and C rather than other gnd alleles.

We propose that the portion of the O55 chromosome that
transfers between lineages, including the rfb cluster, gnd locus,
and DNA 3’ to gnd including region II, be termed the E. coli
055 rfb-gnd conserved (O55 RGC) element, with yet to be
defined borders. The mechanism of putative transfer of the
055 RGC element remains unknown, but several of its com-
ponents warrant discussion. In particular, the H-rpt might be
pertinent to rfb-gnd mobility. Transposition appears to be the
mechanism of insertion of the Vibrio cholerae O139 rfb region
(3,7, 37, 38), and a construct of IS/358, an H-rpt protein gene
homologue in the O139 rfb region, does transpose (9). Fur-
thermore, the ISAS1 element of Aeromonas salmonicida (14) is
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an H-rpt homologue as well as a transposon. Also, H-rpt pro-
tein homologues have been proposed to play roles in rfb trans-
fer in Salmonella (17, 48). Therefore, the H-rpt homologue
gene of E. coli O55:H7, hrhyoss.117, €ncoding the O55 H-rpt
protein depicted over the its corresponding ORF, might be
necessary for the mobilization of this region. The location of
the inverted repeat 11-mers is also interesting. In other E. coli
strains studied, the 11-mer inversions are situated more closely
to the H-rpt termini, whereas in E. coli O55, these inverted
sequences are found at the peripheries of the Rhs-like element.

A short AT-rich region adjacent to a 3’ remnant of tnpA of
1S200, a transposon which utilizes AT-rich integration sites, is
also worthy of consideration as a region of insertion of the
rfb-gnd region because it appears at the juncture between re-
gions I and II. However, it is probable that the O55 RGC
element includes region I, because the 4% discordance rate
between the O55:H7 and the O157:H7 regions I is greater than
would be expected had a common region I been present in a
recent progenitor of these strains. Our data do not permit us to
determine where the O55 RGC element or its components
originated, the sequence in which the E. coli OS5 strains stud-
ied acquired this region, and which, if any, of the E. coli O55
strains studied were donor strains for this element, nor do our
data allow assignment of donor or recipient status to the cells
containing the O157 alleles.

Additional region II components are noteworthy. Region II
contains ORFs that encode proteins with homology to E. coli
0111 WbdK and WbdJ; we have termed these O55 genes
WhbAdK gooss.117 and wbdJ g oss.117, TeSpectively. The E. coli O111
WhbdK is homologous to Yersinia pseudotuberculosis RtbH (20).
RfbH is a CDP-4-keto-6-deoxy-D-glucose-3-dehydrase in the
synthetic pathway of CDP-abequose, which is the p-isomer of
colitose, a 3,6-dideoxyhexose that is a component of the O111
side chain. The O111 and Y. pseudotuberculosis O antigen
synthetic pathways are believed to follow parallel sequences
(2), and WbdK is postulated to be a pyridoxamine 5-phos-
phate-dependent dehydrase at a corresponding step leading to
the synthesis of GDP-colitose (2). WbdJ is homologous to the
E. coli K-12 fucose synthetase encoded by weaG (fcl) (1), which
converts GDP-4-keto-6-deoxymannose to GDP-L-fucose via
GDP-4-keto-6-deoxygalactose. WbdJ has been proposed to
function in an analogous role in the biosynthesis of the O111
LPS antigen by catalyzing the last two reactions in the cascade
leading to the synthesis of GDP-colitose (41).

Colitose is an unusual residue among LPS sugars. However,
this moiety is found in both O111 and O55 LPS side chains (2,
19, 23). Therefore, it is quite possible that wbd/g.css.;p7 and
wbdK.oss.117 are necessary for the synthesis of the colitose
component of the O55 LPS molecule.

The intercalation of a gene encoding an enzyme, 6-PGD,
which is necessary for the viability of the bacterial cell, between
loci that encode a specialized structure, the O antigen, which is
presumably not necessary for viability, is surprising. However,
the finding of O antigen biosynthesis genes 3’ to gnd is not
unprecedented. Recently, Paton and Paton reported that
wbnF, encoding a protein with homology to nucleotide sugar
epimerases, is 3’ to gnd (28) in E. coli O113. It is presumed that
wbnF is necessary for the synthesis of the O113 LPS antigen,
because O113 rfb genes 5' to gnd cannot confer the O113
phenotype upon E. coli K-12 without wbnF. The presence of
genes necessary for the synthesis of the O antigen on both sides
of gnd could, therefore, complicate long-range amplification of
a complete O antigen-expressing cluster of genes. In particular,
the use of primers within gnd, in combination with primers
from the contralateral side of the rfb cluster (e.g., the JUMP-
start sequence [42]), might not always amplify the full comple-
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ment of genes necessary for the expression of the desired LPS
antigen.

In contrast to the plausibility of the roles played by the
proteins putatively encoded by wbd/g.oss.y; and wbd-
Kg.oss.q7 in the synthesis of the O55 LPS, the O55 RGC
sequences that are homologous to the O157 rfb region are of
less certain functional relevance. Specifically, O157 rfb-like
sequences are in or near Arfig.oss.q7, and one of the 11-mer
inverted repeats partially overlaps one of these O157-like se-
quences. In contrast, the sequences within the 7fb region of E.
coli O157:H7 to which these O55 sequences are homologous
are not in ORFs. Therefore, this similarity is more likely to
represent fortuitous homology biased by the still-limited num-
ber of rfb sequences in the database than the transfer of rfb
components between the O55 and O157 chromosomes.

In summary, gnd has cotransferred with the adjacent rfb
cluster into some or all of the E. coli O55 and O157 strains
studied. Sequence analysis suggests that transposition might be
the mechanism for this mobility in E. coli O55. O157 gnd alleles
in multiple different lineages are stable and limited in number.
There is no evidence that a recent common non-O157 ancestor
contained any of the different O157 gnd alleles. However,
portions of O157 gnd alleles A and B can be identified in the
gnd alleles of other strains, demonstrating that intra-gnd re-
combination also contributed to the evolution of this region of
the O157 chromosome. Nonetheless, in recent history, cotrans-
fer appears to be the mechanism by which the O157 gnd allele
B evolved. The mechanism(s) of 7fb and gnd transfer warrants
further elucidation.
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